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All S’1’RACII

lntcrstcl]ar  scintillation (1SS), fluctuations in the amplitude and phase of rac]io waves

cau.scd by scattering in the interstellar medium, is important as a ciiagnostic of interstellar plasma

turbulence. JSS is also of interest bccausc  it is noise for other radio astronomical observations. As

a rcrnotc,  sensing tool, 1SS is used to diagnose the plasma turbulc.ncc  in the inte.rstcllar  medium

(lSM). Ilowcvcr,  where 1SS acts as a noise source in other observations, the plasma physics of

the medium is only of secondary interest. The unifying concern of both studies is the power

spectrum of the interstellar electron density.

In this paper, wc usc 1SS observations taken through the nearby (~ 1 kpc) ISM to infer the

electron density power spectrum of the diffuse intcrs[cllar turbu]cncc.  From mcasurcmcnts  of

al]gular  broadening of pulsars and cxtragalactic  sources, dccorrclation  bandwidth of pulsars,

refractive steering of features in pulsar dynamic spectra, dispersion measure fluctuations of

pulsars, and refractive scintillation index measurements, wc construct a composite structure

function that is approximately powcrlaw  over = 2 X 106 m to lol~ m. The data are consistent with

the structure function having, a logarithmic slope versus baseline Icss than 2; thus there is a

meaningful connection bctwccn scales in the radiowavc fluctuation field and the scales in the

electron density field causing the scattering. The data give an upper limit to the inner scale, Qo, ~

5 X 107 m and are consistent with much smaller values. Wc construct a composite electron density

spectrum that is approximately power law over at least the =5 dccadc wavcnumbcr  range -1 O-g m-]

to 10-13 nl-l and which may extend to even higher wavcnumbcrs.  The average spectral index over

this wavcnumbcr ran,gc is =3.7, very C1O.SC to the value cxpcctcd  for a Kolmogorov  process. The

outer scale size, ~, must bc ~ 10]3 m (determine.d from dispersion measure fluctuations). When

the 1SS data arc cornbincd  with mcasurcmcnts of diffcrcntia]  Faraday rotation angle, interstellar

cloud densities, and gradients in the average electron density, constraints can be put on the

spectrum at much smaller wavcnumbcrs. The composite. spectrum is consistent with a

Kolmogorov-like  power law over a huge range (12 decades) of spatial wavcnumbcr  with an

inferred outer scale, ~ ~ 1018 m. This power law subrangc--cxprcssed as ratio of outer to inner

scales--is comparable to or larger than that of other naturally-occurring turbulent fluids, such as the

oceans or the solar wind. We outline some of the theories for generating and maintaining such a

spectrum over this huge wavcnumbcr range.

Subject }Icadings:  lntcrstcllar Medium, I’urbulcncc,  Radio Astronomy



I. lNTROIl[JCTloN

in k late 1960s and early 1970s, pulsar signals were found to exhibit scintillation caused

by interstellar plasma irregularities. The first phenomena (o be observed showed the existence of

electron density fluctuation power in the interstellar medium (ISM) on scales -109 m (Schcucr

1968; Salpctcr 1969; Rickett 1970; Sutton 197 1). Subsequent observations and theoretical

arguments suggested the idea of a much wider range of scale sizes in the interstellar medium. Lc.c

and Jokipii  (1977), for example, proposed that the --109 m scale StrLIChlIIX  could be linked by way

of a Kolmogorov-like spectrum wiih interstellar clouds (scales - 10]7 m). Armstrong, Cordcs,  and

Rickctt  (1981) reinforced that idea, summarizing more extensive radio scintillation measurements

which gave spectral estimates consistent with the power law idea over several decades in

wavcnumbcr.  At that time the interstellar scintillation phenomena studied were primarily

diffr(lctive  processes, caused by fluctuation power on scales near the “field coherence scale” (the

scale over which the root-mean-square phase difference is 1 radian). More recently, astronomers

have also hem  able to study refractive processes caused by irregularities with scales of order the

so-called scattering disk scale, which is typically 4 or more orders of magnitude larger than the

cohcrcncc scale. Ncw observations now allow us to study the power density at the associated

lower wavcnumbcrs.

Despite these observational advances, the mathematical form of the ISM density power

spectrum and the underlying physics associated with the irregular interstellar plasma continue 10 be

debated. Here wc summarize the observational evidence for a power law spectrum of density

irregularities in the nearby (S 1 kpc) interstellar medium. Our approach is model fitting: wc

assume that the spectrum can be approximated as a power law (usually a Kolmogorov  power law)

around the wavcnumbcrs that dominate a particular observation. We then dctcrminc  the spectral

density level  at those wavcnumbcrs that is rccluircd to be consistent with the observation. We

combine the inferred spectral levels to produce a composite spectrum over a very wide

wavcnumbcr range. WC then ask if the aggregate spectrum thus determined is self-consistent, i.e.

consistent with a unique power law.

We consider here only the relatively nearby lSM. As has been rcpcatcdly demonstrated

(i.e. Cordcs, Wcisbcrg and Boriakov  198S; Fey, Spang]cr,  and Mutcl 1989;  Cordcs w al. 1991)



lines of sight that traverse a kiloparscc  or more through the galactic plane arc likely to encounter a

region producing “enhanced” scatter-il~g. “l”hcsc  turbulent clumps arc rcfcrrcd to as “Type B“ by

Cmics,  Wcisbcrg, and Boriakov  (1985), whcmas  their “Type A“ component refers to the diffuse,

more uniformly distributed component of the turbulence. In a more rcccnt stu(iy, Taylor and

Cordcs  (1993) have constructed a mom detailed rnodcl including cnhancwi  turbulence in the spiral

arms. In addition to the diffuse and “cnhanccd”  scattering regions, there arc also occasional

extreme scattering events (Ficdlcr el al. 1987; Cmgnard  et al. 1993) and regions of “depleted”

scattering (Phillips and Clcgg  1992). It is clear that the electron density field cannot be formally

statistically homogeneous cm scales much larger than a kiloparsec  and indeed the density field may

bc only approximately homogeneous even within 1 kiloparscc of the Earth (WC return to the non-

homogcncity issue in Section IV). Within the framework of an assumed unique spectrum for the

background turbulence in the ISM, however, our goal is to constmin  that spectrum for the diffuse

component using observations taken within 1 ki]oparscc of the F3arth,

‘l’his background spectrum is interesting for two reasons. First, the power spectrum is of

theoretical interest in the plasma physics of the ISM rtnd in cosmic ray transport studies (c. g.,

Jokipii  1974, 1988; Ccsarsky 1980, MCKCC and Ostrikcr 1977; Iligdon 1984, 1986). Particularly

important in a theoretical explanation of the, irrcgu] aritics is the steepness of their spectrum. Power

law spectra with logarithmic slopes steeper than or equal to 4, which can be due to deterministic

structures, have been proposed to explain sm-nc of the observations (c. g., Blandford  and Narayan

1985). The physical interpretation of such steep spectra is very different from that usually

associated with a Kolmogorov-]ike  power law spectrum. (Conventionally, a Kolmogorov

spectrum is L?kcn  as cvidcncc  for turbulcrit  density, velocity and magnetic field fluctuations, with a

dynamical energy exchange between irregularities of different scales. Spectra with logarithmic

slopes of 4 or more avoid this implied energy exchange and the associated difficulties of explaining

the power source, power sink, and bandwidth,) Second, and independent of the physical

mechanism(s) involved, scattering from plasma irregularities can introduce noise in diverse

radioastronomical n~casurerncnts.  For cxamp)c  imaging through the plasma irregularities can be

corrupted by galactic seeing  (Cohen and Cronyn 1974, Goodman an(i Narayan  1989, Narayan and

Goodman 1989). Pulsar intensities, ra(iio frequency spectra, and timing arc substanlial]y

modulated by 1SS (Cordcs, Pidwcrbctsky an(i I,ovc]acc 1986; Romani,  Narayan and 131andford

1986) Extragalactie  radio sources, too, exhibit intensity variation due to 1SS (Rickctt 1986;



Dcnnison ef al. 1987; Spanglcr et al. 1993). in scal<chcs  for very-lc)w-frc(ltlct~cy gravi{iitional

radiation, 1SS is a major source of noise which can limit ~hc ultimate scnsitivjty (c. g., 13crto[ti,

Cam, and Rccs 1983; Romani  and Taylor 1983;  Armstrong 1984;  Stincbring et al. 1990). We

return to the effects of ISM turbulence on scarchcs  for VLF gravitational wave backgrounds in the

Appendix.

The outline of the paper is as follows. In %ction 11 wc csk~blish  notation and conventions.

Section 111 summarii,es all relevant published data of which we arc aware in terms of the lSM

power spectrum and phase structure function. Scctjon  IV is a discussion of the composite

spectrum inferred from the observations. Section V discusses the physical generation and

maintenance of jrrcgularjtics  havjng  a spectrum spanning this huge wavcnumbcr  range. Section VI

summarizes our results and contains our conclusions.

11. NOTAT1ON AND C0NVE3N1’JONS

The theory of interstellar scintillation has been reviewed by Rickctt  (1977, 1990--

henceforth R77 and R90) and Narayan  (1992). In Section 111, wc give the reference and equation

number used in the interpretation of the observations discussed below. We adopt the Fourier

transform convention of R77 and R90. The power spectrum of electron density irregularities,

P3N, is the three-dimensional Fourier transform of the electron density autocovariance function

(R77, equation 6). The spectrum is taken here to be isotropic, a function of q = ((]xz + qyz +

qZ2)1’2, wl~crc the three djn~ensj~na] wavcvcctor is (qx, qy> q~)- AS an Awtz~ SU~~CStCd  bY

previous studies of interstellar and interplanetary turbulence, wc model observation in terms of a

powcrlaw spectrum wjth inner and outer scales:

C2 q-~ for Lo-l < q < Lo-lC 2  [qz +  LO-2]-~/2 cxp[-qz  Qo2/2] = ~l’~N(q)  =  N (1)

}Icrc Q. is the inner scale and Lois the outer scale. When approximated as an isotropic power

law over some range of wavcnumbcr, the spectral index is ~ and the spectral level  is given by



the structure coefficient C;. (The Kolmogorov ctisc--~= 1 l/3--is no[ the only interesting case

for density or magnetic field fluctuations; scc Kraichnan  (1965 ).)

A quantity that is more immediately related to some observations is the integrated phase

structure function, Do(r). This is the mean square difference in the geometrical optics phase

between neighboring straight line paths from a point source to the observer, at a separation of r =

(x2+ yz)llz in the plane  transverse to the propagation direction, z,. P3N and Do arc related by an

intcgra) transform (R90):

(2)

where k is the radio wavelength and re is the classical clccwon radius (2.82 x 10-1s m). If the

spectrum is an isotropic power law with ~ <4, then the su-ucturc function is also power law:

[lo(r) = 8n2re212 C; z f(a) ra (cx+l )-1 - (r/bcOt,)a for Q. << r c< LO (3)

1 lcrc u = fi-2 and f(cx) involves various Gamma functions; f(u) is numerically equal to 1.12 for

a=5/3 (Kolmogorwv turbulence). With ~ < 4 there is a meaningful mapping between

wavcnumbcr,  q, and spatial scale, r: q = 1/r. For stccpcr spectra the structure function has a

square-law form and there is no simple wavcnumbcr-to-scale mapping. in this paper wc convert

from spatial scale to wavcnumbcr  according to q = l/r, i.e. assuming et <2, and discuss this

assumplicm in Section IV.

D+ is u.scd to define the coherence scale, bco}l, for the clcctrornagnctic  field: l>$(bCoh)  = 1

rad2. II+ scales exactly as (radio wavclcngth)z and as (propagation distance)] for homogeneous

turbulence. Wc usc this property to scale measured or inferred phase structure funclions to a

standard distance (lkpc) and a standard radio frequency (1 GIIx,), denoting this scaled phase

structure function as D+,l(il  Id]kpc.



Some of the observations summari~cd  in the ncxl section arc of intensity variations. Spatial

structure in the intensity field is in general only indirectly rcltitcd to spatial structure of the

irregularities in the medium. An important special case is when the scintillation is “weak”; in weak

scintillation the first Born approximation applies and the amplitude variations arc a linearly filtered

version of the phase perturbations imposed by the mcd ium. “1’hc  filter passes scales smaller that the

Frcsncl scale (z.)J27r)l~,  where z is the cffcctivc  propagation distance through the ISM and k is the

radio wavelength. The resulting rtns intensity, normali~,cd  by the mean intensity, is the Born

scintillation index, nlD. A condition for validity of the first 130rn approximation is n~~ << 1; when

this is true the scintillation is weak and n~B gives a measure of the mcdiutn  perturbations cm the

Frcsncl scale. When nl~ >1 the scintillation is strong and the structure of the intensity field splits

into two component% These arc rcfcrrcd to as diffractive interstellar scintillation (DISS) on scales

near bcotl  and refractive. intcrstc]lar  scintillation (1<1SS) on scales near Rs = ~, 8s, the radius of the

“scattering disk”. IIcrc  0s (= ~/27KbCOh)  is the angular extent of the radiation rcccivcd by an

observer and Rs is the largest scale in the medium that can be detected by observing the intensity of

the rcccivcd  field. 0s is the resolution limit in conventional imaging and z$s2/2c  rcprcscnts the

shortest time structure resolvable in pulse rncasurcmcnts.

In contrast with strong intensity scintillation, dispersion measure (DM) fluctuations arc

directly connected to the electron density structure function (e.g., l.ovclace 1970) and arc easily

interpreted. These DM ob.scrvations  provide an important and very direct measure of the phase

structure function, and thus lSM irregularity power, on scales mLICh larger than the Frcsncl scale.



111. OIISIZRVAl”lONS

In this section wc present radio scattering and other observations and interpret thcm in

icrms of phase structure function (scaled to a standard radio frequency of 1 G} lz, and a standard

propagation distance of 1 kpc) and the power spectrum of density in the ISM.

Diffractive Inter.vtelkIr  Scintillation (DISS) index

At 2.7 GHY,, the diffractive scintillation index, ml)]SS, is approximately (). S for a

propagation distance ~,= 3.5 X 10]8 m (13ackcr 1975; 1<77). Since Iml)]ss is lCSS  than unity, the

scintillation is weak and an estimate of the lSM power ICVC1  can IN made near the Frcsnel

wavcnumbcr (weighted along  the line of sight). Using 1<77, ccluation (38), with ~ = 11/3 wc get

P3N(2 X ](]-8 nl-])  =  8 . 4  X ]024 n~-3. ‘1’hc associated phase structure function value is

Il~,l~11YjlkW(5  x 107 m) = 6.5 rad2. These values arc plotted as squares on Figures 1 and 2.

At meter wavelengths and for distances to local pulsars, ml)lss  is approximately unity,

indicating strm~g scintillation. This puts a ]owcr limit on P3N near the meter wavelength 1SS

Frcsncl wavcnumbcr  (provided the spectrum has ~ <4) since the spectral level near the Frcsncl

wavcnumber must bc such that m; > 1. Armstrong and Rickctt  (1981) observed PSRS 0329+54

and 1133+ 16 at 340-408 MH7,  and measured m *JISS = 1 (to within a few percent). The best limit

is from 1133+16; from R77, equation (38), and using a line-of-sight weighted Frcsncl scale, gives

P3N >4.4 X 1024 nl-3 near q = 6 x 10-9 m-l (or D@,l CiIIZ,jI~PC(l.7  X 10* m) >0.4 rad2).  These

bounds arc plotted as the indicated lower limit symbol in Figures 1 and 2 and provide useful

constraints indcpcndcnt  of interpretational difficulties relating to an inner scale.

Ikcorrclation  B{lndwidth of 1>1SS

An estimate of the spectral lCVC1 near l/bCOl) can bc obtained from observations of the

dccorrclation bandwidth made at meter wavelengths. From Cordcs er al. (1991) the structure



constan(  C; is related

scatkx-ing  medium via:

C: = 292(2  nB}1z,)-5/G

to the dccorrclation  bandwidth of pulsars for a Ko]rllogorov-spcctrlllll”

VGI 17 11/6 ~,kpc- 11/6 ,1,-20/3 (4)

where 1311Z is the dccorrclation  bandwidth in }IY,, V{;117, is the radio frequency in Ci}IY.,  and Zkpc is

the propagation distance in kpc. The cohcrcncc scale is dctcrmincd  from equation (3). ‘1’hc radio

wavelength scaling of dccorrclation  bandwidth and the shape of the autocorrclation  function of 1SS

in radio frequency arc consistent with ~ =: 11/3 near this scale (Cor(ics, Wcisbcrg, and Boriakoff

1985; Armstrong and Rickctt 198 1), justifying our usc of formulas which assume a locally

Kolmogorwv  spectrum. (Wc return to this point in Section IV, however, in connection with

constraints on an inner scale.) Cordes,  Wcisbcrg,  and Boriakoff  (1985) made cxtcnsivc

observations of dccorrclation  bandwidth and summarized others from the literature. Restricting to

pulsars with dispersion measure <30 cm-3 pc and associating the observable with the wavcnutnbcr

bc~h,  wc obtain the 111 estimates of P~N and D~,IGI IYjI~Pc (on 24 pulsars, each typically observed

at several radio fmqucncics),  plotted as small open circles in Figures 1 and 2.

Meter  Wmdength  Angular Brmdening

I.ow radio frcqucncics  arc typically rccluircd  (o scc a measurable angular broadening effect

over the relatively short propagation distances considered here. VI.B1 observations of PSRS

0834+06, 0950+08, 11 33+16  and 1919+21 at radio frcqucncics in the range 74-196 MIIz give

1SS scattering diameters in the range 0.05-().07 arcscconds on baselines b = 2.6 X 106 meters

(Rcsch  1974; Vandenberg 1974). Wc associate these observations with wavcnumbcr  q = b-*.

LJsing the Kolmogorov  formulas the infcl~cd values of C? arc in the range 4 x 10~ to 2 x 10-s nl-

6.67, ~ivill~ P3N(3.8 x ]()-7 m-l) in the range (1.5 to 7) X 1 020 m-3 and r~$,l~][y~]kpc(z.c x 106 m)

bctwccn 0.04 and 0.17 rad2. More rcccmt  327 M}lz V1.B1  observations of pulsars have been

reported by Gwinn et al. (1993). Of the three “local” pulsars in their sample (Vcla is cxcludcd  due

to known anornolously  large scattering near the pulsar) only PSI< 1919+21 shows any cvidcncc



for scatter broadening. I%c visibility is =0.9 on a projected baseline of =6.4 X 1 ()~ m. This gives

]]$,](;IIz,/lkW = 0.07 rad2 for this baseline and ~’~N(].6  X 10-7 m-])= 1.4X 1021 n]-~.

Angular diameters of cxtragalactic radio sources in the survey of Rcadhca(t and Ilcwish

(1974) have been intcrprctcd  in terms of 1SS angular broadening by Duffcit-Sn~ith  and Readhead

(1976) and Hajivassiliou  and Duffctt-Sn~ith  (1990). Using equation (19) of R77 (scattering size=

0.1” at 81,5 MHz and typical propagation distance of 500 pc through the galaxy) gives Cfi -2.6 X
~ 0-4,11-6.67 ~e associate this with an intcrfcromctcr baseline =3.2  X 106 m having  a t-csolution  of

=(). 1 arcscc at 81.5 MHz, thus l]~N (3.1 X 10-7 111-1) =2 X 102° IN-3 and 1.1~,lGIIz,ll~PC(3.2  X 106

m) = 0.03 rad2. Spcclral and structure function lCVC1 estimates dctcrmincd  from these  VLB1 and

IPS observations are shown in Fi~urcs 1 and 2 as filled circles.

Frequmcy Drift in Pulsar Dynmnic Spectm

Meter wavelength dynamic spectra of pulsars show strong modulation in frequency and

time duc to diffractive 1SS. Often, in addition to apparently random variations in frcclucncy  and

time, organized structures arc observed in the spectra (see 100 for a discussion). Onc prominent

structure is drifting bands, features that organize along sloping ]inc.s  in the dynamic spectra. These

bands arc intcrprctcd  as duc to refractive steering of the DISS pattern by much larger scale

structures that are sensibly static over a DISS integration time (Shishov  1974; 1{77; Ilcwish 1980;

R90). The basic idea is that the refractive steering ang]c can bc approximated by&= (A/27t) V@,

with V@ averaged over the scattering disk scale. Or depends on radio wavelength since the

geometrical optics phase ($) is proportional to L1 for a cold plasma. Rcfractivc steering hence

displaces the DISS pa[tcrn by an amount =Z (lr/2, where z, is the distance to t}~c source. Thus if

distance is related to time via a pattern speed, vp:it, features appear as a band in (frequency, time).

‘1’hc slope at a ccntcr frequency f is given by (Hcwish 1980):

(5)



(Usually mcasurcmcnts  of df/dt  arc reported, but its reciprocal has a xcro mean and easier to

connect with the theory.) From dt/df, a pulsar distarrcc estimate, and a pattern speed, onc obtains

Or. Wc interpret this single sample as estimating therms angle of refraction, which in turn can bc

related to Do by approximating lV@ as [D@(Rs)] 1’2/Rs, where Rs=z 0s is the sixc of the scattering

disk. Wc dctcrminc 6s from dccorrclation bandwidth mcasurcmcnts  and usc pattern velocities

measured in the same observation (if possible) or from the literature (e. g., Cordcs 1986;  IIarrison

et al. 1993). The data shown in the Figures arc from Armstrong and Rickctt (1981) and Smith and

Wright (1985), sclcctcd  for z <1 kpc. The inferred va]ucs of P3N and D$,lci] lz,llk~,  arc plotted as

large open circles at q = l/R~ and at b = 1{s.

Pulwr  Dispersion ill~asure  Pluctualions

Electron density fluctuations on scales up to -5 X 1012 m have been observed directly

through fluctuations in dispersion measure (DM). Phillips and Wckczan (1991) monitored PSRS

0834+06,  0823+26,  and 0919+06 for 2 years and constructed the DM structure function for spatial

scales in the approximate range 3 X 1011 m to 5 X 10]2 m. Since DM is essentially a straight line

integral of the electron density from the source to the observer, it is directly related (Lovclacc  1970)

to the phase perturbation, $. Phillips and Wolszczan  (1991) present their DM structure functions

as phase structure functions for a radio frequency of 430 Mllz,, DM~o. Wc convert to our standard

1 Gllz and 1 kpc according to D$,l~J1z,/l@C(r)  = D~~O(r) (().~m / 0.7n1)2 ( ]/Y~PC),  where zk~~ is

the distance to the pulsar in kiloparscc. To obtain the associated spectral lCVCIS wc usc the

powcrlaw formula (equation (3) with ct determined from the Phillips andWolszczan(1991) data),

to evaluate C; and hcncc P~N(q = I/r). “1’hc rCSUIL$ arc plotted in Figures 1 and 2 as straight lines.

The justification for using powcrlaw  spectrum formulas to go from D~so to I’SN k that the

pha.sc  structure functions measured by Phillips andWolszczan(1991 ) arc consistent with ~ = 11/3

powcrlaws.  In addition, Phillips and Wolszcz.an  (1 991) compared their observed structure

function values OJ1 ]argc sca]cs with those inferred at Jnuch smaller scales from dccorrclation

bandwidth mcasurcmcnts.  This was done for each pulsar individually and thtls removed the

uncertainties of comparing different lines-of-sight. I’heir result very strongly indicates that the

average spectrum is a near-Kohnogorov power law (indices bctwccn  3.77 and 3.87) over about 6



dccadcs in wavcnttmber  for these three lines of sight. I’hc average index connecting the

wavcnumbcrs for DISS and the DM fluctuations k plotted as a dotted line in the upper panel of

Figure 1; similarly in Figure 2, (Analyses of the DM fluctuations of 1937+21 by Cordcs ef al.

(1990), Rickctt  (1988), Stincbring  et al. (1990), and Ryba (1991) give results that arc in

quantitative agrccmcnt with the Phillips and Wolszczan  (1991) structure functions. The 1937+21

data arc not included in Figures 1 and 2, however, since the distance to 1937+21  is too large to bc

included as “local” data.)

Pulsar  Timing Noise

Closely related to DM fluctuations arc mcasurcmcnts  of the residual time-of-arriva] of

pulsar pulses. Ilcllings  and Downs (1983) and Romani  and Taylor (1983)  prcscntcd  spectra of

pulsar timing noise for several pulsars within 1 kiloparscc of the earth. These observations are

ccrtairdy  dominated by effects other than 1SS, but can bc used to construct upper limits for PgN in

the wavcnumbcr range 10-13.4  to 10-]20 m-]. Figure 2 of 1 Icllings  and Downs (1983) presents the

power spectrum of timing noi.sc (expressed there as the power spectrum of fractional frequency

fluctuations) in the band 10-8.4 to 10-7 IIz,. lJsing an assumed pattern velocity of 100 kndscc, a

distance of 500pc,  and equation (2) of Armstrong (1984) (SCC also the Appendix) which relates

power spectrum of frequency fluchtations to PgN under the Ko]mogorov spectrum assumption,

results in the indicated upper limit$ for that band.

Stincbring  et al. (1990) report 1.7 pscc RMS timing noise on PSI{ 1855+09,  based on 66

observations taken over 3.9 years at 0.21 m observing wavelength. Based on their Figure 1, the

spcctrurn  of those residuals is approximately white, thus the spectral density of the timing noise

has ICVCI -10-5 scc2/Hz,  in the Fourier band in which they have observations. Converting this to a

spectral density of fractional fr~qucncy fluctuations at the band ccntcr (=1.4 X 10-7 Hz), assuming

‘pat = 100 kmkcc,  taking the distance inferred from the dispersion measure, as using equation (2)

of Armstrong (1984) gives an upper limit to l>~N of about 1011 nl-3 at q = 1.4 X 10-12 m-]. This

and the associated phase structure function value arc plotted as upper limits in Figures 1 and 2.



Re@clive  lntt?rstel[ar  Scinlill{ltion (RISS)

Pulsar intensity fluctuations on time scales of days to months bavc been iclcntific(i  as the

refractive counterparts of diffractive fluctuations having time scales of minutes to hours. “lshc latter
have a scintillation index nj)I$$ near unity and arc caused by irrcgularilics  OJI aboLN the cohcrcncc. ,

scale. II y contrast, refractive variations arc caused by power having spatial scales several orders of

magnitude greater, about equal to the scattering disk size, 1<$. The refractive scintillation index,

mR1$$,  dctcrmincd from intensity variations on time scales -R@P:lt is a measure of the power in,. .

the density spectrum at wavcnumbers near 1/1<s for any powcrlaw  with ~ <4. For stccpcr spectra,

(3> 4, mRISS should saturate near unity. This distinction provides an important constraint on ~,

since the measured values of n~Rl$q arc near or slightly above those cxpcctcd  for a Kolmogorov. .
spectrum. Kaspi and Stincbring  (1 992) find mI<l$$ consistent with (3 = 11/3; Gupta  et al (1993).,
find somewhat larger values for n~l<ls~  but still substantially below unity. SLJch mcasurctncnts

provide strong cvidcncc that ~ <4 near q =: 1/1<s  and thus rule out Jno(icls  with ~ just above 4 that

had been proposed by Blandford  and Narayan (1 985). (The special case of ~ = 4 requires

additional attention which wc postpone to Section IV.)

Procccding  on the basis that ~ <4 wc can usc published values of n~}<ISS  for various

pulsars to estimate P3N at wavcnumbcrs near l/R~. The scattering disc size is estimated from the

pulsar distance and measured dccorrc]ation  bandwidths, scaled to the radio frequency of the n~RISS

observations using Kolmogorov  scaling rules; this results in R~ values typically 10*2- 10l? meters.

The normalized refract.ivc scintillation variance for a sphcrica]  wave (point) source illuminating an

cxtcndcd, approximately Kolmogorov  medium of depth z,, as a function of the. spcclral  level  for

irregularities scales near the scattering disc si~c, P3N(q = l/Rs), is given by

“’lms2 = ().95 re

2k473 Rs-6 ~)~N((] = l<s-l) (6)

Wc derived this relation from ccluation (A2) of Colts et al. (1987). in Fi.gurcs 1 and 2 wc have

taken the observations of those pulsars which have estimates of both nll{lss and AV1)lSS (WC infer

the .scattcring  angle from Avlll$~ and thus the scattering disc siz,c). The n~RISS data arc from.



Riclmt( and I.ync (1990), Kaspi and Stincbring  (1992), and Gupta et (II. (1993), sclcctcd  for z S 1

kpc. I’hc.sc data arc plotted as star symbols in Figures 1 and 2.

observations of finite-diameter extragalactic sources arc also useful, where the rclcvan(
,. . .

scale for rcfractlvc  mtcnslty fluctual]ons 1s tlOw Y es~orcc. At high galactic latitudes OsoLlrCe  is

typically greater than 0s, and so the scale probed can bc even greater han Rs for a point source

having the same propagation distance. Wc usc equation (17) of COICS cl al. (1987) to interpret the

values of Osource and’ n~RISS for the high-galactic latitude (b > 300) sources observed by Spanglcr

er al. (1993). These arc shown as boxes in Figures 1 and 2.

Rot[ltion Measure of Extrwgalmtic  Radio Sources

Simonctti, Cordcs, and Spanglcr (1984), Simonctli  and Cordcs (1988), Lazio,  Spangler,

and Cordcs (1990), Clcgg et aL (1992), and Simonctti  (1992) have observed diffcrcntia]  I~araday

rotation of double radio sources on radio paths through lhc galactic plane. I.azio et al. (1990)

constructed the structure function of rotation measure. (RM) and, using reasonable parameters for

the scattering volume, inferred the density power spectrum on spatial scales -0.1-70 pc (=3 X

1015 to 2 x 1018 m ) Values of P3N consistent with the RM fluctuation mcasurcmcnts  arc

constructed using equation (6) of Lazio et al. (1990) and the observed structure function of RM.

These arc plotted in Figures 1 and 2 as upper limits bccausc  the relative contribution of electron

density and magnetic field fluctuations is unknown; the in(iicatcd limits assume all of the RM

fluctuations arc duc to electron density fluctuations. The region investigated by I.azio et CJ1. (1990)

is characterized by particularly heavy scattering (Fey, Spanglcr  and Mutcl 1989), so that local  value

of CR in that region almost certainly greatly cxcccds  that within 1 kpc of the sun. Accordingly, wc

regard the data points representing the Laz,io  et al. (1990) mcasurcmcnts in Figures 1 and 2 as very

conservative upper limits.



Estim{ite  Ne[ir Ik)nsity Outer Scale

An estimate of the power spectrum level at vc.ry low frequencies can bc obtained from a

f:iirly general gradicnl  scale argutncnt  (Lee and Jokipii  1977; lshimaru  1978). This argument goes

as follows. The density slructurc  function is the mean square of the diffcrcncc in electron density

at a given separation. Near the outer scale, Lo, [hc structure function value should bc comparable

with the square of the difference in the average  density on a separation of Lo: I]N(I.~) - (L.

2 Taking pave‘Pave) “ = 0.03 cm-q and Lo= 100 pc (Lee and Jokipii  1977; Kaplan 1966), and the

gradient scale for pave to be =500pc  (Rcadhcad  and Duffctt-Smith  1975; see also Taylor and

Cordcs 1993) gives Dp(Lo) -4 X 1 ~7 m-6 or I~@,IGI Iz,ilkpc  -
101G radq at separation 100pc. If, as

for a Ko]mogorov  spectrum, Dp(x) = (C&O.033) x21~ then C; -0.033 L04/~ (Vpavc)2 -10-6”2 m-

6.67 and P3N(3.2 ?( ]()-19 m-l) -1061.5 m-~. These arc plotted as open circles in Figures 1 and 2

with ~ two orders of magnitude uncertainties reflecting our subjective assessment of the

uncertainties in measured quantities and their applicability in this argument. (Note tha[ DO and P3N

should start to “saturate” near the outer scale 1,0 and I .:, rcspcctivcly;  the Faraday rotation upper

]imiL$ arc consistent with such a transition but arc not in themselves compelling cvidcncc  for L.. -

100 pc; scc Section IV.)

Other lndimtims  of l~lrge Salle Structure

Velocity fluctuations of lSM gas and the cxistcncc of intcrstc]lar clouds suggest that the

plasma turbulence spectrum extends to wavcnumbcrs significant] y lower than the -2X 10-13 m-l

indicated by the RISS and DM fluctuation observations.

The velocity structure function measured from the motions of stars and neutral gas is

strikingly Kolmogorov,  Dv(x) = 20 km2/scc2  (x/70pc)2’3, over at least the distance scale range 1-

70 pc (Kaplan 1966; Larson 1979). To relate the velocity data to the desired electron density

structure function, wc need to assume a model of the ISM where the neutral gas velocities trace the

plasma velocities on the large scales and usc an analogy with the interplanetary medium. In the

MCKCC and Ostrikcr (1 977) model of the ISM, cool (- 100K) (icnse neutral clouds arc surrounded

by warm (-104 K) gas (partially ionized by stellar UV), and cmbcddcd  in a hot (-106 K), diffu.sc,



fully-ionized coronal phase. At low wavcnumbcrs,  fluctuations in the electron column density on

typical pulsar distances probably reflect fluctuations in the warm phase, which is thought to bc

closely associated with the cool ncu{ra]  pbtisc.  III this view, the motion of I}]C neutrals and the low-

frcqucncy plasma fluctuations arc coupled. For scales small with respect to those of the overall

flow, the fractional density fluctuations in the quiei interplanetary medium arc observed

(Ncugcbaucr, Wu, and Hubs 1978) to be proportional to the velocity  fluctuations divided by the
Alfvcn speed: I bp / pave i = a ! 6v/vA I where a = 10Of 1. Thus C; = a2 C: (pave/ v A )2, where

C2 is the structure coefficient for the spectrum of vc]ocity fluctuations. We convert to P3N using‘v
pave = 0.03 cm-’t and vA = 10 kn~/scc.  This results in an inferred spectral level and shape

approximately consistent with an extension of the higher wavcnumbcr spectra, but now cm much

Iowcr wavcnumbcrs  . Because of the model-dcpcndcncy and uncertainty in relating these

quantities, we show these estimates as a dashed box. The uncertainty in “a” is rcflcctcd in a ~ two

order of magnitude vcrlical extent of the box. in the upper panels of figures 1 and 2 wc plot the

spectral index of the velocity fluctuations.

The. warm, partially ionized phase of the lSM is predicted to fill a significant fraction of

space as shells of partially ionized gas, having typical electron densities -0.2 cm-q, depth of

modulation <pz> / pa~c of order unity, and typical radii -2 pc. The existence of interstellar plasma

clouds allows a point  to be placed on the spectrum at q - 1 /(typical cloud size), whether or not

there is any dynatnica]  relationship with irregularities on other scales. If these clouds arc

approximated as spheres having Gaussian radial profiles, then the associated spectral density
P3N(-1.5  X 10-17 m-l)  -1058 m-~ is consistent with the dashed box obtained from the velocity

fluctuation data in Figures 1 and 2; this point is plotted as a diamond-shaped symbol.



IV. DISCUSSlON OF ‘1’}lB WAV13N[JMBIIR  SPkK;’J’RIJM

The data in Figures 1 and 2 arc most simply intcrprctcd in terms of a pur-c powcrlaw

spectrum with P = 11/3 over wavcnumbcrs 10-G~ to 10-127 m-l (the range of radio scattering

data); when combined with the non-radio data at lower wavcnurnbcrs,  the data arc consistent with a

~ <4 powcrlaw over a huge range, down to q - 10-16 m-l or smaller. This intcrprclation  calls for

Lo no larger than about 106 m and Lo g,rcatcr than about 1 (}~c m and is consis[cnt with the

assumptions wc used to plot the points in Figures 1 and 2, namely that the density spectrum P~N is

a power law and that it has spectral exponent ~ <4. We need to examine the basis for these

assumptions and ask if other spectral models (e.g. models with larger inner scales) could fit the

data comparably well. In this section wc review these assumptions, discuss the internal

consistency of the data set, and comment on our fundamental assumption of statistical homogeneity

of the local ISM which allows data from different lines-of-sight to bc combined in a composite

power spectrum.

Exclusim of Sleep Spectrum Models

The large cluster of points in Figure 1 near wavcnumbcrs of 10-7 m-l establishes the level

of P~N but does not directly constrain the exponent ~). The observed autocorrclation function of

1>1SS in radio frequency for a fcw pulsars (Armstrong and Rickctt  1981) and the scaling of DISS

dccorrclation  bandwidth of PSR 0329+54  with radio frequency (Cordcs,  Wcisbcrg and Boriakoff

1895) arc consistent with P = 11/3 over perhaps a decade of wavcnumbcr near 10-7 m-]. (Cordcs

cl a/. (1985) observed the wavelength scaling of dccorrc]alion  bandwidth for- several other pulsars,

which also give scalings consistent with J3 <4, but most arc too distant to qualify as “local”.)

Blandford  and Narayan (1985) noted that there was an alternative intcrprclation  for the wavclcngtb

scaling of dccorrclaticm  bandwidth with ~ in the range 4.2 to 4.6. Such values, however, are now

rukd out by the observations of n~ltlSS;  values of ~ > 4,() would yield n~l<lSS  C1OSC to or equal to

unity, in contradiction with the observations. The other important  ncw data set in this context is

the DM structure function, which constrains the average ~ over wavcnumbcrs from =10-7 m-l to

=1 O-IS m-l. Phillips and Wolszczan (1991)  give a mean exponent for the structure function, U,



over this range of 1.83 ~ 0.05, where the uncertainty quoted is half the rimgc among 3 local

pulsars.

The critical question is whether u = 2 is excluded, since for all spectra with ~ >4 the

stmcturc function exponent et equals 2. ‘l’he IIM variations combined with n~casurcmcnts  near the

cohcrcncc scale might bc marginally consistent with ct = 2 bctwccn  -10-7 and 10-13 m-’ hut the

ohscrvation  that mRISS e 1 is not. Thus wc conclude that ~ <4 for the wavcnumber range -10-7

and 10-13 m-l. Extending this conclusion that ~ <4 down to wavcnumbcrs -10-*6  In-l, relics on

the gradient  scale point, the ISM cloud point, the velocity fluctuation region and, importantly, the

very conservative nature of the upper limits derived from Faraday rotation variations. ‘l’he Faraday

ro~~ticm  limits in Figure 1 are formally consistent with a value ~ = 4.0 bctwccn about  10-13 m-l and

about 10-17 m-l. However, as indicated above, the Faraday rotation data were derived from the

Cygnus region, which exhibits turbulence that is substantially cnhanccd over that in the local 1

kpc. This and the other non-radio-data points in Figure 1 suggests that the true local spectral lCVC1

is substantial] y below the plotted upper limits, arguing for P <4 between l(kl~ m-l and 10-17 m-l,

and consistent with ~ = 11/3 down to perhaps as low a few times 10-18 m-l. The special case of a

~ = 4 spectrum is discussed in the next subsection.

The ~ = 4 Spectrum

If the interstellar plasma were entirely clumped into clouds with abrupt edges, the density

spcctrutn  would show a slope of (3 = 4 for the range of wavcnumbcrs  bctwccn  the reciprocal of the

typical cloud sizfi and the reciprocal of the thickness of an “abrupt” edge. Lines of sight that pass

through any abrupt structure, such as a shock due to an expanding supernova cavity or an

assembly of pressure balance structures, will also exhibit a ~ = 4 spectrum. The ratio of the shock

thickness to the characteristic scale of the region would dctcrminc  the wavcnumbcr range having ~

= 4; this could  extend over several decades if the edges  of these structures could be made thin

enough. Such a spcclrum  dots not imply a turbukmt  cascade, since there would be no dynamic

interactions between irregularities on different scales.



‘1’hc scattering theory for this case has not been considered very actively, although its

logarithmic structure function has been discussed by Rumscy (1975), Goodn~an  and Narayan

(1985), and Dashcn et al. (1993). In strong scattering with a ~ = 4 spectrum, diffmctivc and

refractive components of the field arc produced, as is the case for “conventional” (~ < 4) spectrum

models. The logarithmic s[ructurc function is asymptotic to cx = 2 for scales much smaller than the

outer scale, but approaches the asymptote only very slowly. As a result it can have “local” slopes

bctwccn 3.S and 3.9 over .scvcral dccadcs  of wavcnumbcr. For cxtunplc,  Figure 2 contains two

dashed lines rcprcscnting a ~ = 4 model with outer scale Lo of lo]~ m and 1016 m, norma]izcd

vertically so as to pass through the cluster of points near the cohcrcncc  scale at =2 X 107 m. Either

is in reasonable agrccmcnt  with all the radiowavc  scat[cring  points and limits (scales of order a few

times l@ to -1013 m), but a ~ = 4 model with Lo significantly smaller than 1016 m would disagree

with the non-radiowavc  points at low spalial  frequency.

This (3 = 4 model has, however, not yet been dcvclopcd  completely. A comparison is

nccdcd  with all of the pulsar observations of 111SS and RISS, and is beyond the scope of the

present paper. We simply note here that the associated mltlss  would lie WC1l below unity and is

approximately compatible with most of the data for nearby pulsars. ‘1’hus ~ = 4 in the range 10-7 to

10-13 m-l with outer scale appropriatcl  y taken to .gct lhc observed WJluc  of et near the 1<1SS scales

is not yet ruled out by either the DM structure func[ions  or the 1<1SS data in the Iowcr pane] of

Figure 2. Such a spectrum would, however, predict u very C1OSC to 2 at the IJISS scales,

apparently in conflict with the wavelength scaling of dccorrclation  bandwidth and the shape of the

1>1SS autocorrelation  in radio frequency (upper panel of Figure 2).

Constraints on the Inner Scale

Returning to the most obvious interpretation of I:igurcs  1 and 2, that there is a very wide

wavcnumbcr range with a power law behavior ~ <4, wc J1OW address the question of a possible

inner scale cut-off to the spectrum. Such an inner scale would make the spectrum stccpcr than 4

for wavcnumbcrs above ]/Q. and thus the structure function would vary like (scalc)z for scales<

LO. In this discussion wc assume that there is a Kolmogorov  range corresponding to ~ = 11/3,

and ask what cvidcncc  wc can present about LO.



Obscrvations of angular broadening, dccorrclation  bandwidth, DM and RM fluctuations,

and refractive steering of DISS arc fundamentally measures of the structure function, rather than

the spectrum. Our association of scale with wavcnumbcr  (i.e., scale = l/wavcnunlbcr) used to plot

those observations on Figure 1 assumed that cx <2 (which wc cmphasi~.c is consistent with all the

available data on the slope of the structure function near the scales sensed by each observable). In

contrast with the obscrvablcs  listed above, weak intcnsi(y  scintillation at centimeter wavelengths is

fundamentally sensitive to the Wcc[rum near the Frcsncl scale. l’hus the point at q = 2 X 10-8 m-l

in Figure 1 is plotted correctly and gives an immediate, essentially model-indcpcndcnt upper limit

Qo: Q. must bc smaller than about 5 X 107 m. Arc the cohcrcncc  bandwidth and angular

broadening data consistent with such a large value of inner scale?

For an inner scale Q. - 108 m, the spcclral  model in Figure 1 drops below the ~ = 11/3

line for wavcnurnbcrs  larger than 10-8 m-l. This is shown by the curved dotted line, which passes

substantially below all the points near 10-~ m-l. This at first seems to ru]c out such large inner

scale values. However, we have to examine the theory of 1>1SS under the condition that LO >

bcot). TIc 111SS dccorrclation  bandwidth s[ill provides an estimate of bcot,, the associated cluster of

points arc thus correctly plotted as D+ in Figure 2. Under the hypothesis thal Q() = 10R m, a model

line would have a slope of 2 for scales smaller than 10S m and break to a slope of 11/3 for larger

scales. The D+ plot thus seems compatible with inner scale = log m. If Q. were as large as 10~

m, wc then have to ask where the 111SS bandwidth and angular broadening points should bc placed

on Figure 1. If Q.> bcoh and if r < Qo, neither the mapping q = l/r nor equation (3) applies and it

can bc shown that:

(7)

The result is given at q = l/Q. to avoid assuming a detailed form for the cutoff beyond this

wavcnumbcr.  Setting r = bcoh gives Do = 1 radz and hcncc



The scattering theory for this case has not bccn considered very actively, although its

logarithmic structure function has been discussed by Rumscy (1975), Goodman and Narayan

(1985), and Dashcn et al. (1993). in s[rong scattering with a ~ = 4 spectrum, diffractive and

refractive components of the field arc produced, as is the case for “co]~vcl~tiot~al””  (~ < 4) spectrum

models. 3’hc logarithmic structure function is asymptotic to u = 2 for scales much smaller than the

outer scale, but approaches the asymptote only very slowly. As a result it can have “local” slopes

bctwccn  3.5 and 3.9 over .scvcral  dccadcs of wavcnumbcr. For example, Figure 2 contains two

dashed lines representing a (3 == 4 model with outer scale LO of 101~ m and 1016 m, normalized

vertically so as to pass through the cluster of points near the coherence scale at =2 X 107 m. 13ithcr

is in reasonable agreement with all the radiowavc  scattering points and lin~iLs (scales of order a few

times I@ to -101~  m), but a P = 4 model with Lo significantly smaller than 1016 m would disagree

with the non-radiowavc  poinL$ at low spatial frcc]ucmcy.

This fl = 4 model  has, however, not yet been developed complctc]y. A comparison is

needed with all of the pulsar observations of 1>1SS and 1{1SS, and is beyond the scope of the

present paper. Wc simply note here that the associated nll<lSS would lic well below unity and is

approximately compatible with most of the data for nearby pulsars. Thus ~ = 4 in the range 10-7 to

10-13 n~-l with outer scale appropriately taken to get [hc observed value of cx near the 1{1SS scales

is not yet ruled out by either the DM structure functions or the 1?1SS data in the lower panel of

Figure 2. Such a spectrum would, however, predict a very close to 2 at the 111SS scales,

apparently in conflict with the wavelength scaling of dccorrclation  bandwidth and the shape of the

1>1SS autocorrc]ation  in radio frequency (upper panel of Figure 2).

Constraints on the Inner Scale

Returning to the most obvious interpretation of Figures 1 and 2, that there is a very wide

wavcnumbcr  range with a power law behavior ~ <4, wc now address the question of a possible

inner scale cut-off to the spectrum. Such an inner scale would make the spectrum sleeper than 4

for wavcnumbcrs above ]/Q. and thus the structure function would vary like (scalc)2 for scales <

LO. In this discussion wc assume that there is a Kolmogorov  range corresponding to ~ = 11/3,

and ask what cvidcncc  wc can present about Qo.



(4-P)  (&]) Q04
p?N(q=]/Qo)  = - - -

bco~z  2rG2 rez L2 ?,
(8)

In the case under consideration, with Q. - log m, ccluation  (7) predicts that the angular broadening

points (the obscrvaticms at the smallest scales: r - (). ] bcoh) arc consistent with P~N(q = 10-8 m-l)

-1025 m-~, in approximate agrccmcnt with the ccntimctcr wavclcng~h  scintillation index point.

Thus the dccorrclation  bandwid[h  and angular broadening data do not rule out 10  as large as 108

m. (I;vcn larger inner scales have been suggested (o explain some of the refractive scintillation

index data. The RISS data bearing cm this issue arc prcscntcd  in Figure 5 of Gupta et al. (1993).

If nl~,$$ for nearby pulsars is examined, an inner scale of 107 to 109 m is suggested. Colts et al..,
(1987) interpret their mRly~ data in terms of Q. as large as log rnctcrs for nearby pulsars and

smaller than about 107 m for more distant pulsars. Kaspi and Stincbring  (1992), however, obtain
values of mklq$ that require Q. smaller than 107 m.). .

Three other ob.scrvaticms  argue that any inner scale cannot not bc significantly larger than

the -108 m limit set by the DISS scintillation index. First, if there were inner scale substantially

larger than 108 m, the structure function logarithmic slope at the cohcrcncc  scale should bc C1OSC to

2. The shape of DISS autocorrclation  in radio frequency for a fcw high-SNR  pulsars indicates et

in the range 1.6- 1.9 and cxcludcs ct = 2 near the cohcrcncc  scale for those lines-of-sight

(Armstrong and Rickctt 1981). These values of u arc what would bc cxpcctcd  for either a pure,
nearly-Kolmogorov power law near q = I/bCOh or a Kolmogm-ov  power law with Q. ~ 108 m.

Thus the shape of the structure function near bcoll  indicates that the inner scale cannot bc

substantially larger than 108 m. Scccmd, the wavelength scaling of dccorrclaticm bandwidth for

l>S1{ 0329+54  over an octave range of radio frequency (Cordcs et (J1.  1985), another measure of

structure function shape, is also consistent with (x <2 near bc[)ll.  (Cordcs et (II. 1985 measured the

wavelength scaling of several pulsars, concluding  that the data were consistent with a Kolmogorov

spectrum, but only 0329+54  is close enough to be considered “local”). Third, VLB1

mcwrcmcnts  of the visibility function of radio sources that exhibit interstellar angular broadening

suggest very small inner scales. Such VLBI observations have the potential to dctcrminc directly

Do and its exponent ct. Spanglcr and Gwinn (1990) assembled the rc]cvant  published data and

conc]udcd that the inner scale is in the range 0.5 -2.0 x 10s m. The radio sources in their study all



exhibit enhanced scattering cornparcd  with that occurring within 1 kpc. Thus the small inner scales

really have only been shown to apply for the regions of enhanced turbulence tha( arc conccntra(cd

toward  the inner galaxy or in the Cygnus region. only two hcavi]y  scattcre(i sources show the

exponent cx near 2.0; the other 4 sources show u in tile range 3.7 ~ (). i 5. l’hCSC rCSUltS arc thUS

seriously inconsistent with the larger inner scales proposed by Gupta  e~ ~J1. (i993).  (There is a

technical question concerning the usc of self-calibration in the V1.B1 processing, since il removes

the effect of image wander and so could bias estimates of a. Ilowcvcr,  the inilucnce of sclf-

calibmtion  on estimates of cx has yet to be dctcrminc(i, and is beyon(i the scope of this paper.) We

note that Gupta et al. (1993)  have suggested that a single inner scale may not apply for all the

(iiffcrcnt  regions of the lSM and that regions of enhanced turbulence may have smaller inner scaics

than does the local ISM.

We conclude that the data sun~marin.xi  here rule OU1 Lo significantly larger than about

log m and arc consistent with an inner scale much smaller than this.

Hotnogeneity  of the ISA4 Electron LMtsity

Finally, implicit in all of the above is the assumption that it is meaningful to combine data

from different lines of sight to produce a composite spccuwm. That is, wc have assumed that the

ISM turbulence is homogeneous enough that there ~ a (iiffuse component having a unique

spectrum. It is clear ti~at even the local ISM is not strictly homogeneous (in time or space), as

evidenced by the usc of terms like “enhanced”, “depleted”, and “cxtrcmc  scattering events” to

describe some observations. In addition to nonskltionarity  of the spectrum, there is the question of

whether the density should even be viewed as a random process; the interpretation of a scattering

observation as due to a medium having either a “statistical” or a “deterministic” description is to

some extent subjective. (Composite spcctrai modcis  arc possib]c--probabiy  necessary--to explain

some observations in detail. For example the description of the occasional focusing and double

imaging conditions which appear in pulsar dynamic spectra (e.g. Hcwish,  Wolszczan  and

1985;  Wolszczan  an(i Cordcs 1987; Cordcs e? al. 1993) and the rare but notable

propagation events (Ficdlcr et al 1987) arc probably best modeled in nonstatistical terms.)

Graham

discrete



However the observations summarized here indicate that, to within a band perhaps 2 orders

of magnitude wide but extending over tens of orcicrs  of magnitude in spectral  power, the data

organize well about a unique statistical spcclrum model. Such two-order-of-magnitude variations

in spectral level arc also observed in the solar wind plasma density (e.g. Woo and Armstrong

1979).  In the interplanetary medium it seems clear that the density ~ well-modeled as a ubiquitous

random field with superimposed discrete structures, i.e. it does have a spectrum. We view the two

order of magnitude variations in the inferred lSM spectral level  as due partially to the simplifying

assumptions used to interpret the observations (e. g., isotropic spectrum) and thus “error”, and

partially due to real ISM statistical inhomogcncity in time and space, and thus “ISM weather”.

While our conclusions regarding “the” ISM spectrum should be considered within the context of

plus-or-minus an order of magnitude variations in spectral level, it shou]d also be considered that

comparable spectral inhomogcncity  is observed in geophysical and other astrophysical fluids.

V. NATURE OF THE IN’J’L3RSI’13.LAR  PLASMA  D13NSI”J’Y SPECTRUM

in this section wc consider the nature  of the spectrum shown in Figure 1, i.e. comment on

how it might be produced, and what it imp]ics  for our understanding of interstellar turbulence.

Nothing in this section will be original. We will simply cite relevant work on partially compressible

plasma turbulence, and attempt to identify the points of correspondence with the observations in

Figure 1. These comments will rely heavily on observational studies of the solar wind, an

accessible turbulent fluid which has had extensive in sitrl measurements, and the theory which has

addressed solar wind plasma turbulence.

The equations of magnctohydrodynamics  show that fluctuations in plasma turbulence

velocity, magnetic field, and density arc coupled. q’hc ~= 11/3 interpretation of the data in Figure 1

therefore also strongly suggest that there arc accompanying fluctuations in magnetic field and

plasma velocity on the same spatial scales. in fact, analogs drawn with the solar wind would

indicate that the magnetic field and velocity fluctuations arc the dominant ones, with the density

fluctuations being a dynamically unimportant tracer of the main turbulent energies. Thus a major

goal of interstellar scintillation studies is to infer the properties of the invisible, yet dynamically



important magnetic field and velocity fluctuations, given mcasurcmcnts  of the dtxcctablc,  yet

dynamically unimportant density fluctuations.

Plasma turbulence may bc thought of as either a superposition of large amplitucic  plasma

waves, or as a lCSS  ordered state similar in nature to hydrodynamic turbulence. While it is unclear

exactly where the transition occurs bctwccn these two types of turbulence, the cxtrcmc siatcs may

bc found in the solar wind. The environments of shock waves, characterized by unstahlc ion

distributions, host large amplitude MHD waves which arc readily identifiable with the wave modes

of plasma physics textbooks. in the general solar wind fiar from shocks or comets, on the other

hand, the situation more closely rcscmblcs  that of fluid turbulcncc, without the prcsencc of

identifiable wave trains, and in which the spatial power spectra arc power laws over several

decades of wavenumbcr. An exccllcnt rcccnt review of solar wind MHD turbulence is given by

Marsch  (1991). Both “wave turbulcncc”  and “}lydroturbulence”  have associated density

fluctuations.

A powcrfu inducement for consi(icring  solar wind turbulence as a model for interstellar

turbulence is its possession of a Kolmogorwv  q-l 1’3 density spectrum. Such a spcctrutn is

rcpcatcdly obtained over several dccadcs  of wavcnumbcr in solar wind radio propagation studies

(e.g. Woo and Armstrong 1979), and is observed much of the time in direct in situ spacecraft

mcasurcmcnts.  A rcccnt discussion of this is given by Marsch and Tu (199(1), who report that

Kohnogorov spectra for both magnetic field and density arc observed in the slow solar wind. The

high speed solar wind also has an approximatc]y Kolmogorov spectrum, but the cross hclicity

shows the “turbulence” to bc propagating out from the Sun (in the rest frame of the wind). Like

the solar wind, the data in Figure 1 exhibit a q- 11/3 spcctru)ll  over tnany  dccadcs. Its wide

bandwidth makes it impossible to identify any specific wave proccsscs.  This is in contrast to the

narrow band spectra seen near the Earth’s bowshock  and in computer simulations of collisionless

shocks.

The widcband  power law spectra found in the solar wind have stimu]atcd  several theoretical

analyses of turbulence in plasmas. Of particular rclcvancc here is that of Montgomery, Brown,

and Matlhacus  (1987--hereafter MBM). They provided a thcorctica]  basis for density fluctuations

in MIID turbulcncc,  which was fur(hcr elaborated by Shcbalin  and Montgomery (1988). The



theory is an Ml]]>  equivalent of the famous I.igbthill  lhcory for the generation of sound by fluid

turbulence. Briefly, incompressible MIID {urbulcncc will have second order pmsurc  ~luctuations

duc to changes in the fluid “ram pressure” and the magnetic energy density. These pressure

fluctuations act as the source term for acoustic fluctuations. MBM considered the slow MHD

fluctuations and found a solution with t~(J1~-pt40pagatiI~g  (quasi-static) density fluctuations. I’hcy

rcfcrrcd to these as “pscudosound”, and wc note that they appear to bc equivalent to

pondcromotivc  density fluctuations in the parlance of wave pictures of Ml ID turbulence.

Subject to a number of simplifying assumptions, M13M found that the pscudosound  density

spectrum had contributions from pressure fluctuations duc to kinetic energy and magnetic energy

density variations. The problcm of understanding the spectrum in 6p/p. is rcduccd  to that of

understanding the spectra of 5V and 613. Assuming q-l 113 spectra for both, as observed in the solar

wind, the resulting pscudosound  spectrum has terms proportional to q-1 ~’3 (omnidirectional) duc

to both magnetic and kinetic energy terms, and a term proportional to q- 1 1/~ produced by

variations in the magnetic energy density. ‘1’hcy pointed out that at sufficiently large q the - 11/3

contribution would dominate, in agrccrncnt  with observations in the solar wind. Conversely, at

low wavcnumbcrs  the stccpcr  component shoul(i dominate -- a rcsu]t that persists even in the more

general expressions of Matthacus  et (I1.  (199 1). Ilowcvcr, in neither the solar wind nor in the data

of Figure 1 dots such a low wavcnumhcr  stccpcning appear. The pscudosound theory was

expanded upon by Matthacus  et {IL (1991), who also anal yxcd }lelios spacecraft observations in a

search for observational cvidcncc that the density fluctuations were pscudosound  in nature. The

observational signature searched for was a dcpcndcncc  &p C= (&B)2, which is a dCfiJliJlg

characteristic of pondcromotive density fluctuations. They found only fair agrccrncnt,  in that the

bp exhibited terms proportional to 8B as WCII as to (~B)2.  Wc rmtc here that Zank and Mat\haeus

(1992b) have rcconsidcrcd  the possibility of first order density fluctuations.

Among the assumptions in the pscudosound  theory, the isotropy of the turbu]cncc  is the

onc Jnost subject to suspicion. The imposition of a strong magnetic field on a plasma renders its

turbu]cncc  two dimensional (Montgomery and Turner 1981; Zank and Matthacus 1992a) in the

scn.se  that the magnetic and velocity fluctuations lic in planes perpendicular to the Iargc scale field,

and that gradients along the field arc much smal]cr than pcrpcndicu]ar  to it. Thus when a strong

rnagnctic  field is prc.sent, the turbulence is highly anisotropic. This concept is strongly  supported



by the observations of field-a]igncd anisotropic  density fluctuations in the inner solar wind (i.e. “

Armstrong et al. 199(1). Obviously in the case of a high ~ plasma or onc in which the static ficl(i is

small compared with the fluctuations, the (urbu]cncc  can bc isotropic, hut it is unc]car  at h present

time whether this applies in the lSM.

An alternative suggestion for the production of density fluc[wrtions  in intcrstc]lar MIID

turbulence was given by Iligdon (1984, 1986). Iligdon rcali~.ed that the theoretical results on the

two dimensional nature of MHD turbulence with a strong magnetic IIcld had potential significance

for the ISM. Hc also made an exhaustive survey of the state of knowledge regarding density

fluctuations in hydrodynamic turbulence, on the scnsib]c  assumption that turbulent MHD fluids

would have closely similar cornprcssivc  mechanisms. The papers of Higdon  made two important

thcorctica]  contributions. ‘1’hc first was that the heating rate of the interstcl]ar medium duc to the

damping of turbulence could bc much ICSS than that suggested in other calculations, in which

isotropic turbulence was assumed. The second was the suggestion that the major contribution to

the density fluctuations in interstellar turbu]cncc  was from “nonpropagating  entropy structures”

rather than MHD waves. In distinction with the results of MBM, Iligdon (1984, 1986) dismissed

Lighthil] radiation bccausc  of its steep spectrum. 1 lowcvcr,  this objection is removed by the result

of MBM that MIID Lighthi]l  radiation has a flatter spectrum than dots I ID I.ighthill  radiation. A

major attraction of the pseudosound  theory has been its ability to explain the form of the density

spectrum, as similar to the spectrum of the velocity and magnetic field. Ilowcvcr,  the recent work

of Bayly,  Lcvermorc  and Passot ( 1992) indicates that the “Koln~ogorov”  density spc.ctrum is

considerably more general. invoking non-wave-]ikc fluctuations in fluids and discussing

extensions to MHD fluids, they conclude that “it appears that a k-sl~ inertial range density spectrum

can bc the conscqucncc  of purely entropic (or thermal) effects, purely magnetic effects or a

combination thereof”. Thus a host of turbu]cncc  models might bc capable of reproducing our

primary observational result in Figure 1.

The foregoing discussion has emphasized the lessons learned  from the solar wind, as a

relatively accessible turbulent plasma. Wc now comment on the conscc~ucnccs  of the spectrum in

Figure 1 for plasma proccsscs in the lSM. I’here arc regions of (1w ISM with markcd]y  different

densities and tcrnpcratures.  lt cannot bc considc.rcd as a single statistically homogeneous medium,

rather M a nurnbcr  of discrctc “phases” tha[ may locally support homogeneous turbulence.



In a recent study Spangler  (1991) considered what region is responsible for the localized

enhanced plasma turbulence, that causes very heavy radio wave sca[[ering for some lines of sight

in the Galactic plane. He concluded that the most likely regions were the extended envelopes of

1111 regions and the warm ionized medium (WIM) of the MCKCC  and ostrikcr  (1 977) model. In his

Section IV he then asked whether the cooling capacity of these regions could accommodate the

power dissipated from the turbulence. His equation (38) gives the radiative cooling rate as

proportional to the square of the mean electron density in a region, which for the regions in

question is relatively high (0.2 to 4 cm-q). Ilis Figure  3 shows that they could accommodate the

cxpcctcd heating, if the outer scale of the turbulence were larger than about 1013 m, which is

comfortably smaller than tthc typical size of these regions.

Even though the local turbulence, paramctcrizcd by C:, is relatively weak, the cooling rate

capacity is much less than in the regions of enhanced turbulence, bccausc  the mean density is much

less. The mean number density from pulsar dispersions is about 0.025/f ctn-~, where the filling

factor f is probably not much less than 1.0 (SCC Taylor and Cordcs  1993). The turbulent power to

be dissipated cannot be determined from the density spcctrutn. Wc estimate it as the turbulent

energy density divided by a characteristic time; the former wc cslimatc as i5B2/(8rc);  the latter we

estimate as the outer scale divided by the Alfvcn speed. Wc further assume 8B = g130, with g less

than or near one and the mean field El. is, say, 311G.  Ilcilcs  (1987)  suggests that this figure is

similar in both dense and diffuse HI1 regions. ‘I’he resulting turbulent power is approximately g2

Bo~/[ 8X (4n p)o.s ~]. In order that the dissipation of this power lies below the cooling capacity of

the diffuse 1111  medium, the outer scale 14 must be greater than about 50 pc, which is not much

smaller than the expected size of such regions. For a smaller outer scale,  the turbulence ratio g

and/or the filling factor f must be corrcspondingl  y ICSS than 1.0. Spanglcr  and Reynolds (1990)

drew a similar conclusion about the local diffuse 1111 medium, in their comparison of IIcx and radio

scattering mcasummcnts.

A second intcrcstirlg cmscqucncc  from Figure 1 is the implication that turbulence exists at

and beyond the scale of ion-neutral collisions. Discussions of turbulcncc  in molecular clouds and

star forming regions attribute considerable importance to the critical scale at which the frequency of

an Alfvcn  wave equals the ion-neutral collision frequency (e.g. Mouschovius  1991; MCKCC  et ai.



1993). The thcorctica]  basis of these discussions is McIvor’s  (1 977) dcsmiption  of

propagation of Alfvcn  waves in a partial] y ionimd medium. “1’hc theory prtxlicls  that when

,..

the

the

wave frequency ((o) equals the collision frequency ( \~ill),  the waves bcconlc  cvancsccnt.  For co <

vi,) the ncu~ra] gas participates in the wave motion, whereas for m > v.111, only tbc ions participate

in the wave motion, which is partially damped. Whereas a careful examination of the theory

shows that waves continue to exist when (D >> vii)) the cxis(cncc  of the critical collisional  scale

appears to have been interpreted in some papers as an absolute minimum scale for the turbulence.

In the partially ionized intcrstc]lar plasma the dominant ion collisions arc with either neutral

hydrogen or helium (Spanglcr  1991), which may bc lhc major heating mechanism for tbc neutral

gas. The corresponding collisions] scale VA/Vjl) may bc calculated to bc 101~ to 1014 m. l’hc

spectrum in Figure 1 extends to wavcnumbcrs several dccadcs  above 10-14 m-l, itnplying  that

density and presumably magnetic irregularities extend to scales much stnallcr than the collisional

scale. Significantly, there is no sign of a break or othc.r  spectral feature near the collisional  scale, at

which waves should apparently not exist. Wc conc]udc  that Figure 1 may indicate that the linear

theory of Alfven  waves cannot bc used to place strong constraints on turbulent irregularities in a

partially ionized plasma.

VI. SUMMARY AND CONCI,USIONS

Radiowavc scattering data taken on local (~ 1 kpc) lines-of-sight in the ISM have been

summarized in terms of the phase structure function (Figure 2). Where possible, wc also

summarize the structure function’s local logarithmic slope, a, for each observation. l’hc scale size

range for the radio data in Figure 2 is 106.~ to lol~ m. The available dato arc consistent with ct <

2 over this range, allowing us to connect wavcnumbcrs with spatial scales and infer a composite

power spectrum for the electron density in the local ISM. The data arc most simply intcrprctcd  in

mrms of a pure powcrlaw having a nearly Kolmogorov spectrum, over wavenumbcrs  - ]0-13 to

10-6”3 n]-l. Thus the outer scale, as dctcrmincd  from the radio data alone, must bc larger than or of

order 101~ m. The radio data arc consistent with an inner scale smal]cr than or of order 2 X 106 m,

with an upper limit to the inner scale of - 10~ m. When the radio observations arc combined with



even lower wavcnumbcr  dak~ based on gradient scnlc of clecuxm density, interstellar cloud density,

and data on ISM velocity fluctuations, the aggregate spectrum set is approximately power law

SpCCtlUN  between q - 10-16 m-1 and 10-6 m-]. ‘1’hc combined dala set organizes remarkably well

about a Kolmogorov model P3N = 10-3 nl-667 q-l 1’3 over this huge wavcnumbcr  range, with

values of the spectral index, P, greater than 4 and ICSS than about 3.5 ru]cd out. l’hc possibility

that ~ equals 4 is a special case that corresponds to scattering by discontinuities in the plasma

density; the data arc just compatible with (his model over the range -]()-13 (0 ]()-6 nl-l if an outer

scale -1014  to 1016 m is invoked.

In Section V, wc noted the advances stimulated by the existence of density fluctuations

with a similar spectrum in the solar wind. in the solar wind there is also cvidcncc for similar

spectra in the magnetic field and plasma velocity. A particularly appealing theoretical description of

density fluctuations is that they arc “pscudosound”  fluctuations. Pressure fluc~uations,  due to

spatial and temporal variations of magnetic field and plasma velocity, drive small amplitude density

fluctuations. This lhcory explains the q-l 11~ density spectrum seen in both the solar wind and the

ISM. However, rcccnt theoretical investigations of plasma turbulence also suggest th:tt pressure

balance structures could  also produce such a spectrum. The resolution of the nature of the

fluctuations in the lSM may ultimately require information comparable to that available for the solar

wind, on magnetic and kinetic energy characteristics.

Assuming that the density spectrum gives cvicicncc for Alfvcnic  turbulence in the ISM, wc

asked whether the power dissipated by the turbulence could cxcccd  the cooling capacity of its low

density host plasma. If the outer scale of the turbulence is as large as 30 pc, the dissipation can be

accommodated by radiative cooling. The most likely dissipation process involves ion-neutral

collisions which have a critical scale the “Alfvcn-collisional  scale”. There is no unusual signature

in our measured spectrum near the corresponding wavcnumbcr.  l’his may imply that Alfvcn wave

properties arc not applicable 10 fully dcvclopcd  turbulence in a partially ionized plasma.



APPl~NDIX

ISM I’lJRBUI.I;NCE  SPEC1’RUM ANII ‘1’111; SEARCII IK)R A

BACKGR(XJND  OF VI; ItY-I.C)W-I:I~} ;QLJI;NCY  GRAVJTA”l’JONAI,  WAV1{S

Gravitational wave scarchcs arc cxmvcntionally  classified as higl~-frequency (10 to 10000

IIz,), low-frequency (l O-s to 10 Ilz,), or very low frequency (frcqucncics lower than 10-s IIz)

(Thorne  1987). These bands divide along detector techniques: rcsonan( bars and laser

interferometers (high frequency); Doppler tracking of spacecraft, normal modes of the earth and

sun, bcarn detectors in space (low-frequency); pulsar timing and the timing of orbital tnotions

(very-low-frequency). In searches for a very-low-frequency stochastic gravitational wave

background, the earth and a pulsar act as free test masses. The relative velocity of (1]c earth and the

pulsar is perturbed by buffeting of the earth and pulsar by gravitational radiation (e.g. Estabrcmk

and Wahlquist 1975; Ilcrtotti, Carr and Rccs 1983;  Hcllings  and Downs 1983; Romani  and Taylor

1983; Stincbring  et al. 1990). This buffeting of source an(i observer by gravitational waves will

produce time-of-arrival (TOA) fluctuations. Obscrvcd ‘1’OA fluctuations include both gravitational

wave perturbations (at some lCVC1)  and various “noises”. Prior to the ciiscovcry of PSI{ 1937+21,

upper limits to a gravitational wave background in the very-low-frequency band were apparently

set by intrinsic timing noise of the pulsars being observed. PSI{ 1937+21, however, has very low

intrinsic timing noise and observations may ultimately bc limited by 1{1SS (Armstrong 1984). In

this Appendix, wc calculate the contribution to pulsar timing noise caused by propagation through

interstellar turbulence having the spectrum given in Figure 1 and wc compare this noise lCVCI with

TOA ob.scrvations at low Fourier frequencies.

Near the wavcnurnbcrs relevant for very-low-frcclucncy gravitational wave scarchcs, the
2 -1 1/3 ,11-~, with ~~ =spectrum in Figure 1 is approximately CN q 10-s n~-G.GT.  An clcctromagnctic

wave propagating through homogeneous turbu]cncc having such a spectrum develops phase

perturbations. in the observer’s plane, these phase fluctuations arc a function of (x,y), the

coordinates perpendicular to the line of sight to the source. The two dimensional spcctrurn  of

phase in the observer’s plane, P2~(K), is 1)2@(K) = 2 n z k2 r: {;fi K-l 1/3, where z is the

propagation distance. Assuming that the turbulence is frozen and thot the pattern sweeps across the



observer’s plane with some vclochy,  vpat,  this Spiltial  Spcclrum is convcrtcd  into a mlc-dimensional

Wnporal spectrum of phase (SCC, e.g., Armstrong 1984 for a discussion in the RISS context):
pi+(f) = 2-2/3 n-1/~ [r(4/3)/r(l  1/6)] ~, L2 r2 (’2 V5’3 f-~/~. Since frequc,ncy  is the derivative ofc ‘N pat

phase, this can bc restated in terms of the spectrum of fractional frequency fluctuations, SY(f),
where y(t) = Av/vO,  and V. is the ccn(cr frequency: SY(f) = 2-2/3 n-liG [r(4/3)/I-(  11 /6)] z c-z L4 r:
~2 V513 f-2n F.

N pat “ ‘ractiona]  frequency fluctuations arc the time derivative of the pulsar timing

residuals (Hcllings and Downs 1983), so that their spectra are related by Slll(f)  = SY(f)/[4  nz f2],

where SIn is the spectrum of ‘1’OA residuals. SY(f) is rc]atcd to the Al Ian wrriancc,  c$~), of a time

cm

series according to ~(~) = 4 J Sy(f) sin4(n  ~ f)/(Tc ~ f)z df (I]arncs et al. 1971).
o

Stincbring  et al. (1990) show power spcctrd of timing residuals for 1937+21 at L =0. 126

m, achieving lowest spectral density (cxprcsscd  here as Sy) of 4.5 (+5.5, -2.0) X 10-20 Hz_l at f =

1.2 X 10-8 IIz,. Taking z = 3.58 kpc (Taylor, Manchester, and Lyric 1993), C; = 10-3 rn-6”67 and

v~at = 100 kn~/see, the prcdictcd  SY( 1.2 X 10-8 11~,)  is 5 X 10-20 Hz-1;  thus the data arc at or near

the RISS-lin~it at this frequency. (The associated square-root of Allan variance prcdictcd  by the

spectrum in Figure 1 is ay(z) = 4 X 10-14 (dl year)-1/6, comparable on time scales of order years

to the estimated stabilities of the best atomic clocks.)

This RISS limit for timing of 1937+21 can bc restated in tcms of a limit on the energy

density of a gravitational radiation background. It is conventional (Dctwcilcr  1979) to assume that

the gravitational wave background spectrum is white. over an octave bandwidth ccntcrcd  on some

Iiouricr  frequency (fc) and then to relate the variance of the TOA rcsiclua]s (CJ2) to the density of

gravitational waves (p) in that band that would produce that observed TOA variations: p = 243 n~

fC4 &/ 208 G. Her-c G is the Newtonian gravitational constant. (rl’hc critical density required to

C1OSC the universe gravitationally, pc, is 3 Il@ n G = 5.5 X lo-so grams/cm~  if 110 = 55 kndscc

Mpc-l.)  The spectrum of Figure 1 predicts that 1937+2 1‘s RI SS-gcncratcd  TOA fluctuations at k

= 0.126 m correspond to p(fC)/pc = 4.5 X 10-7 (fC/l O-g IIz,)7/~. This bound is comparable to that

dcrvicd by Stincbring  et (J1. (1990) at fc= 4.4 X 10-9 11x. lmprovcmcnts to sensitivities better than

this will require observations at higher frcqucncics  or dual frequency observations to calibrate and

remove RI SS noi.sc.
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Figure 1. Lower Panel: Logarithmic plot of infcrrcxt  ttlrcc-difllctlsiorlal  electron  dcinsity power

spectrum versus wavcnumbcr. Rcfcrcr~ccs  fort t~cobscrvatior~s  and symbolsforthc  technique

invo]vcd  arc given in the text; from high to low wavcnumbcr  the data arc from angular broa(icnillg,

cohcrcncc bandwidth, weak DISS at ccntimctcr wavelengths, strong DISS at meter wavelengths

(lower limit), refractive steering of DISS by large shwctures,  1{1SS scintillation indices, DM

fluctuations, pulsar timing (upper limits), rotation measure fluctuations (upper limits), velocity

fluctuations, ISM cloud densities, and gradient scale. Dot(ed lints  arc Kolmogorov  spectra with

outer scale = 1018 m and inner scales of 10S m and 108 mc(crs.  Dot-dashed line is model spectrum

having spectral index of 4, normalized to pass through the cluster of points near (1 / coherence

scale for meter wavelength obscrva(ions).  Upper poncl: Estimates of the spectral index, ~, as a

function of wavcnumber. Vertical line and box near 10-7 m-l arc from shape of 1SS dynamic

spectra and wavelength scaling of dccorrclation bandwidth. Values near 10-12 m-I arc from

dispersion measure structure function. Dotted line is average spectral index between dispersion

measure structure function data and the coherence scale points near 1()-7 n~-l. Dashed box is range

of slopes  from lSM velocity fluctuations data. Kolmogorov  value is P = 11/3.

Figure 2. Lower Panel: Logarithmic plot of inferred wave structure function for radio waves at

1 GI Iz, and 1 kpc propagation distance; symbols arc as in Figure 1. Dotted lines arc Kolmogorov

spectra with outer scales of 1013 m and 1016 m. Dot-dashrxt  line is model spectrum having

spectral index of 4, normalized to pass through the cluster of points near the coherence scale for

meter wavelength observations, having outer scales of s of IO*3 m and 1016 m. Upper panel:

logarithmic slope of structure function with baseline (symbols have same meaning as upper panel

in Figure 1). If cx <2, then ~ = cx + 2 (see text).
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